Small temporal and spatial variations in the distribution of dissolved oxygen in Crater Lake, Oregon, are used to estimate the mean age of the lake's deep water, the flux of labile organic carbon to the deep lake, and the influence of hydrothermal activity on the concentration of dissolved oxygen within the lake. An increase in the concentration of dissolved oxygen in the deep water during winter [1988][1989] indicates that 30-45% of deep water was replaced with well-oxygenated surface water. This deep-water renewal corresponds to a mean deep water residence time of 2-4 yr. The deep-water oxygen consumption rate is 2 l-26 pmol m-3 d-l, which occurs primarily through the oxidation of organic matter and, to a lesser extent, the oxidation of reduced inorganic species that are introduced to the lake via subsurface hydrothermal springs.
Dissolved oxygen is a sensitive tracer of the physical and chemical processes occurring in an aquatic system. Oxygen in excess of atmospheric saturation in the upper water column is caused by photosynthesis, in situ warming of the water column by penetration of solar radiation, and air bubble injection (Jenkins and Goldman 1985; Emerson et al. 199 1) . The decrease (consumption) in dissolved oxygen at depth typically results from oxidation of particulate organic material raining out of the euphotic zone. If the photosynthetic component of the oxygen excess in the upper water column is properly constrained, then this component should have nearly the same value, but opposite in sign, as the amount of oxygen consumed in deep water. This balance between surface excess photosynthesis and deep-water respiration assumes that only a small portion of the photosynthetically derived carbon is buried in sediments.
Because of the consumption of oxygen at depth in an aquatic system, deep water is generally undersaturated with respect to atmospheric saturation. In temperate lakes, oxygen-rich wintertime surface water mixes with deep water, resulting in a net increase in dissolved oxygen at depth at the time of mixing. This change in oxygen pro-
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Mark Buktcnica, James Milestone, John Salinas, and Scott Stonum provided day and night field support for this research; their efforts arc greatly appreciated. The field and analytical efforts of the OSU research team were invaluable. Eric Olsen and Marv Lilley provided the unpublished methane data. Special thanks are extended to Roberta Conard and Chris Moser. vides a semiquantitative estimate for the efficiency and timing of deep lake mixing. Crater Lake, the deepest lake in the U.S. and the seventh deepest lake in the world, is an oligotrophic caldera lake at an elevation of 1,882 m in the Oregon Cascade Mountains. The lake is predominantly precipitation fed (Redmond 1990 ) and has no significant surface inputs or outputs. The surface area of the lake is 5 3.2 km2, which represents nearly 80% of the total drainage basin (Phillips 1968; Redmond 1990) . Crater Lake has two semienclosed basins, one in the northeastern portion of the lake (north basin), which has a maximum depth of 589 m, and one in the southwestern section of the lake (south basin), which has a maximum depth of -485 m (Fig. 1) .
The physical and chemical properties of the deep-water column are influenced by subsurface hydrothermal inputs McManus et al. 1992 McManus et al. , 1993 . The south basin is the primary locus of hydrothermal fluid input, as demonstrated by the large water-column gradients in heat and salt found there (McManus et al. 1992) . Fluids entering the basin floor are rich in iron and manganese, and fluid entry sites are marked by the presence of iron-and manganese-reducing bacterial mat assemblages (Dymond et al. 1989) . Because the south basin has the largest water column thermal and chemical anomalies, much of our research efforts have been focused in this portion of the lake, particularly in the eastern half of the basin-the hydrothermal study area (Dymond et al. 1989) .
Although aspects of the physics and major element chemistry of Crater Lake have been documented (e.g. Williams and Von Herzen 1983; McManus et al. 1992 McManus et al. , 1993 , there is little data describing the distribution of the primary biologically active solutes (e.g. oxygen, ni- trate, phosphate, total carbon dioxide, etc.). This paper documents the distribution of biologically active constituents, with particular emphasis on the spatial and temporal distribution of dissolved oxygen. Specifically, we assess the first-order effects of mixing, carbon flux, and hydrothermal inputs on the distribution of dissolved oxygen in the deep water of the lake. We use a time series of dissolved oxygen measurements to constrain the mean residence time of deep water. In addition, we show that the flux of organic carbon to the deep lake, as measured by sediment traps, is not consistent with the rate of deep lake oxygen consumption. Finally, we show that although the chemistry Natheson 1990 ) and physics (McManus et al. 1993 ) of the lake are heavily influenced by hydrothermal activity, the influence of hydrothermal activity on the distribution of dissolved oxygen and nitrate is essentially confined to the south basin.
Methods
Water samples were recovered with 5-and 20-liter Niskin samplers and 4-liter Van Dorn bottles. Other discrete bottom-water samples were recovered with the submersible Deep Rover during summer 1989.
Temperature, pressure, and conductivity were measured with a SEACAT model SBE 19 (Sea-Bird Electronics Inc.) CTD. The temperature resolution was +O.O005"C and, based on calibrations between 198 7 and 1989, the absolute accuracy of the temperature sensor was within 0.00 1 "C. Salinity was determined from in situ temperature and conductivity as described by McManus et al. (1992) . Density was calculated from the CTD hydrographic data (McManus et al. 1992) and was based on the equation of state for waters in the limnological range (Chen and Miller0 1986 ).
The concentration of dissolved oxygen was determined with a modified whole-flask Winkler titration method (Carpenter 1965a, b) . Potential interferences from reduced iron for samples retrieved near hydrothermal springs were removed by adding an alkaline iodine-fixing solution containing sodium azide. The overall precision of the oxygen measurement, based on duplicate sample analyses, was ~0.5%. Oxygen solubility was calculated as a function of lake surface elevation, temperature, and salinity (Benson and Krause 1984) . The mean barometric pressure, which is required for solubility calculations, was calculated from the altitude-dependent equation given by Mortimer (198 1).
Samples for pH and alkalinity measurements were collected in a loo-ml plastic syringe and were taken directly from Niskin sample bottles. These samples were kept cold (-4°C) until analysis, at which time they were brought to room temperature and transferred to a closed titration flask (Edmond 1970) . The pH was measured at 25 f 0.5"C, then 0.425 g of purified KC1 was added and the pH was measured again. Alkalinity was determined by a closed Gran titration procedure (Dryssen and Sillen 1967; Edmond 1970) . Total inorganic carbon (X02) was calculated from the pH and alkalinity measurements. The precision of the calculated X02 was -1%.
Silicic acid, phosphate, and nitrate were determined by calorimetric methods described by Strickland and Parsons (1972) and modified for an Alpkem rapid flow autoanalyzer. The precision of these measurements was about +2 PM for silicic acid, +0.05 PM for phosphate, and kO.025 PM for nitrate. Sodium was determined by flame atomic absorption spectroscopy with a precision of 0.75% (McManus et al. 1992) .
Results
Vertical distribution of dissolved constituents-The upper water column of the lake is well mixed during midto-late winter and late spring. This mixing causes temperature, salinity, and relative density to be uniform within the upper 200 m of the water ( Fig. 2A-C) . As first described by Neal et al. (197 1, 1972) , the thermal gradient below 350 m is hyperadiabatic ( Fig. 2A) , or about two orders of magnitude greater than the adiabatic lapse rate. This thermal gradient results from the active input of hydrothermal fluids and is balanced by an increase in salinity with depth ( Fig. 2B) , yielding a stable density 'gradient (McManus et al. 1992 (McManus et al. , 1993 ; Fig. 2C ). The thermal and saline gradients in the bottom 50 m of the south basin ( Fig. 1) are much greater than those from elsewhere in the lake (Fig. 2D-F) . These larger gradients result from the active input of hydrothermal fluids at the southeast corner of this basin. Although the waters of the south basin are generally vertically stable (Fig. 2G) , unstable water parcels have been reported (McManus et al. 1993) . Thus, the active input of hydrothermal fluids influences the physical and chemical properties of the water column; in addition, these inputs appear to influence the mixing characteristics of the deep lake (McManus et al. 1993 Chen and Miller0 (1986) . B. Salinity vs. depth for January 1990. C. ge vs. depth for January 1990, where cB = (pe -1) x 1,000 and pe is the potential density of a fluid at 1 -atm pressure. Note the well-mixed nature of the upper 200 m in the water column and the increase in temperature, salinity, and density with depth below 200 m. D-F. Temperature, salinity, and gB vs. depth for 13 July 1989 in the south basin. In the upper 150 m, supersaturation of dissolved oxygen is typically observed throughout most of the year (Fig. 3) . Water-column supersaturation of dissolved oxygen likely results from a combination of net photosynthetic production and penetration of solar radiation that causes in situ heating of subsurface waters. Relatively high concentrations of dissolved oxygen in the deep lake are maintained by rapid vertical mixing coupled with the relatively low flux of organic carbon through the water column of this oligotrophic system . Furthermore, little horizontal variability is observed in the concentration of dissolved oxygen between the north and south basins (Fig. 3) .
Throughout most of the year, the concentration of nitrate in the upper 200 m is below 0.05 PM (Fig. 4C ). In addition, water-column ammonium concentrations are typically below detection (~0.05 PM). The lack of fixed nitrogen in the upper water column presents a significant limitation to primary production in the lake. Because the deep lake is a potentially important source of fixed nitrogen, constraining the magnitude and frequency of deeplake mixing is important for understanding the cycling of this biologically important nutrient. Hydrothermal activity influences the distribution of the lake's major solutes. For example, bicarbonate and the distribution of X02 in the south basin ( Fig. 4A ) increase with depth because of hydrothermal activity at the lake floor. Hydrothermal activity also introduces silicic acid
. Dissolved oxygen (PM) as a function of depth for July and September 1988 in the south basin (SB) and the north basin (NB). Oxygen solubility is primarily a function of temperature and was calculated from the equation presented by Benson and Krause (1984) .
to the deep lake ( Fig. 4B ; McManus et al. 1992 ). In contrast, the vertical homogeneity of dissolved phosphate ( Fig. 4C ) suggests that it does not have a dominant hydrothermal source and that this nutrient does not limit primary production in the euphotic zone of the lake.
Temporal variations in concentrations of dissolved oxygen -A time series of dissolved oxygen shows that the concentration in the north basin at 550 m increased by -10 PM from September 1988 to April 1989 (Fig. 5) . This increascwas followed by a decrease in dissolved oxygen of -13 PM between April 1989 and January 1990. After January 1990, the concentration of dissolved OXygen increased again in the deep lake (Fig. 5 ). This latter increase was accompanied by a decrease in deep-water temperature caused by the partial ventilation of the deep lake with cooler, well-oxygenated surface water (McManus et al. 1993 ).
The net rate at which oxygen decreases in the deep lake differs with depth. At a depth of -300 m there is little or no change in dissolved oxygen throughout the year, indicating that oxygen consumption and oxygen supply are in balance. At 450 m, the rate of dissolved oxygen decrease is 15-20 pmol m-3 d-l, and at 550 m the decrease is 40-44 pmol m-3 d-l (Fig. 5) . The volume-integrated net rate of dissolved oxygen consumption measured between June 1989 and January 1990 is -21-26 pmol m-3 d-l. This net consumption rate is equivalent to an oxygen consumption rate of 2.4-2.9 mmol O2 m-2 d-l below 400 m.
Discussion
Mixtng in the deep lake-Increases in the concentration of dissolved oxygen in the deep lake result from the mixing of oxygen-rich surface water with deep water. The data clearly show a cycle of injection of oxygen-rich water to the deep lake followed by oxygen consumption followed again by higher concentrations of dissolved oxygen in the deep lake (Fig. 5) . We have previously estimated for 1989-1990 that the observed change in oxygen requires a mixture of 45% air-saturated winter water and 55% deep water (McManus et al. 1993) . Such a mixture implies a mean deep-water residence time of -2.5 yr. (0) and phosphate (Cl) vs. depth in the north basin. X0, was calculated from pH and total alkalinity as described in the text. Both ZCO, and silicic acid are influenced by hydrothermal activity to a much greater degree than either nitrate or phosphate. Silicic acid data were collected in September 1988; X02, nitrate, and phosphate data were collected during summer 1989. September 1988 -July 1990 . An increase in deep-water oxygen due to mixing followed by a decrease due to consumption of oxygen is apparent in the data. The decrease in dissolved oxygen over time in the deep-water column is due to consumption of oxygen by particulate organic material and hydrothermally derived reduced chemical species. The line demonstrates a consumption rate of dissolved oxygen of -40 pmol m-3 d-l.
The residence time of deep water calculated here is consistent with the work of Simpson (1970) , who calculated a residence time of l-2 yr for the water below 200 m, and the work of R. Weiss (pers. comm.), who used CFCs to estimate the maximum age of a deep-water parcel (3.2 yr) and the mean residence time of water below 200 m (1.8 yr). Our estimate of the deep-water residence time, 2-4 yr, represents the average amount of time a water parcel will spend in what we have defined as the deep lake (500 m), whereas the CFC-derived maximum age represents the discrete age of a parcel of water at 550-m depth. Because our estimate of residence time is only for the deepest portions of the lake and because the efficiency of mixing decreases with increasing water depth (McManus et al. 1993) , we would expect our estimated residence time to be greater than the previous whole-lake estimates.
Dissolved oxygen data taken in July 1989-199 1 show that the distribution of oxygen in the deep lake is consistent over these years (Fig. 6A) . This observed consistency in deep oxygen profiles may result from a tight coupling between mixing and carbon flux. Because primary production in the surface waters is partly dependent on the mixing of nutrients in the deep lake, deep-lake oxygen consumption, carbon export, and the magnitude of mixing may be closely coupled. That is, changes in mixing will affect oxygen consumption as well as oxygen renewal. In contrast to the 1989-l 99 1 data, data collected in September 1994 and 1995 show that the concentration of dissolved oxygen in the water column is not necessarily constant from year to year (Fig. 6B) . The cause of the difference between the 1994 data and previous data is not known; however, change in vertical mixing is one possible cause of this difference, but higher carbon flux and greater respiration could also account for this difference. Because of the gaps in the data set, it is not known how the dissolved oxygen concentration of the water column evolved between July 1992 and September 1994.
Dissolved oxygen in the upper water column-Supersaturation of dissolved oxygen in the upper water column of aquatic systems is commonly observed; it is generated by photosynthesis, by heating of subsurface water resulting from penetration of solar energy, and by air bubble injection. Dissolved oxygen in the water column is removed by vertical mixing, respiration, and gas exchange (e.g. Jenkins and Goldman 1985; Spitzer and Jenkins 1989) . Although we lack the data to fully constrain the oxygen budget in the upper water column, we can make estimates of the photosynthetically derived component of the upper water column oxygen concentration that allow us to assess whether there is sufficient oxygen excess to account for the observed respiration rate in the deep lake. For our 1!>89-1990 data set (i.e. Fig. 5 ), ifwe assume that oxygen consumption in the deep lake is driven by the oxidation of organic matter, then -400 mmol m-2 of carbon are required to account for the observed oxygen deficit accrued between 26 June and 19 January. This calculation assumes a ratio of -1 3802 : 106C for oxygen consumed via the oxidation of organic matter (Redfield 1942; Redfield et al. 1963) .
We restrict our calculations of excess oxygen in the upper water column to include the depth interval from the surface to 150 m (the compensation depth). Below 150 m, dissolved oxygen is typically less than the saturation value. Although oxygen consumption is likely below this depth, little or no net change in dissolved oxygen is observed from 200 to 300 m between 26 June and 19 January (i.e. the supply and removal of oxygen are in balance).
If all the water-column oxygen that is in excess of saturation (i.e. Fig. 3) is photosynthetically derived, then the resultant exported carbon inventory necessary to support this supersaturation is -1,150 mmol C me2. This inventory is an average value derived from July profiles collected between 1989 and 199 1 (e.g. Fig. 3 ) and would only include production that occurred after the water column had become stratified. Alternatively, if we consider only the oxygen in excess of the saturation value for an isothermal water column of 3.6"C (328.5 PM), then we obtain a carbon inventory of 300+ 100 mmol C m-2. This latter estimate assumes that photosynthesis is the only mechani;sm that increases concentrations of dissolved oxygen above the winter saturation value and that all the additional oxygen supersaturation during summer is caused by in situ warming of the water column by penetration of solar energy. Although the models provide opposite extreme estimates, the lower limit constrained by the winter saturation model balances the observed deep-water oxygen consumption.
Because oxygen will also be lost from the upper water column through gas exchange at the surface and diffusion at depth, the calculated oxygen excess is a minimum. The carbon inventory needed to consume deep-lake oxygen (400 mmol m-2) is equivalent to -35% of the total oxygen inventory in excess of saturation during 1989-l 99 1. This fraction is somewhat lower than that found in ocean environments (Jenkins and Goldman 1985; Spitzer and Jenkins 1989; Emerson et al. 199 l) , indicating that perhaps there is a larger in situ warming component in Crater Lake than in the ocean environment. The important point to be gleaned from this exercise is that there is sufficient supersaturation of dissolved oxygen in the upper water column to support the estimated respiration rate of the deep lake.
Particulate wganic matter rain-From 1983 to 1990, the flux of organic carbon was measured at 200-m water depths with CSU-design cylindrical sediment traps (see Dymond et al. 1996) . The annual flux of organic carbon during this time ranged between 0.1 and 0.3 mmol m-2 d-l (Table l) , which is a factor of nearly 10 times too small to account for the rate of oxygen consumption in Table 1 (Dymond et al. 1996 the deep lake. The carbon flux for the period from July through December 1989, the specific time period constrained by our oxygen data, was 0.5 mmol C m-2 d-l, which is still a factor of four less than the carbon flux required to balance the oxygen budget over the same period (2 mmol C m-2 d-l). Thus, from the rate of oxygen consumption we would expect much higher carbon fluxes than measured, suggesting that either there are additional oxygen-consuming reactions in the deep lake or that the measured carbon flux is not truly representative of the total flux into the deep lake. Based on estimates of sediment accumulation, nutrient and 210Pb input, and lake seepage, Dymond et al. (1996) found that nitrogen and 210Pb sources to the lake balance removal fluxes within 30%. However, it was also found that sediment trap measurements underestimate the export of nitrogen and phosphorus from the upper 200 m by a factor of as much as 10, consistent with the difference between the oxygen consumption rate and the measured rate of organic carbon rain. The mechanisms proposed for this large discrepancy are spatial heterogeneity in primary productivity combined with sediment focusing. Because the sediment traps are located in the center of the lake, higher productivity around the margins of the lake could lead to large spatial variability in sedimentation that does not get sampled by the sediment traps (Dymond et al. 1996) . Furthermore, because the lake is enclosed by steep caldera walls, it may be particularly sensitive to sediment focusing (e.g. Blais and Kalff 1995) , whereby particulate organic material derived from production around the lake margins is exported to the deep lake along the bottom without being sampled by sediment traps.
To some degree, temporal variations in carbon sedimentation may contribute to the mismatch between trap fluxes and our more limited oxygen consumption data. However, 8 yr of continuous carbon flux data ( Table 1) clearly indicate that the particulate carbon flux is too small to account for the observed oxygen consumption rate. Although we cannot fully complete an oxygen budget for the upper water column, we have shown that there is sufficient supersaturation of dissolved oxygen in the upper water column to support an organic carbon flux that accounts for the deep-water oxygen consumption rate. The oxygen budget, although not consistent with the carbon Table 2 . Oxidation reactions associated with hydrothermal inputs that might impact oxygen distributions in the deep lake. Fe2+ + '/,H,O + l/,0 2 + FeOOH(s) + 2Hmb Mn2+ + l4O2 + 3/2H20 + PMnOOH + 2H+ CH, + 20, + CO, + 2H20 H,S + 20, ---* SOd2-+ 2H+ flux measurements, is consistent with the whole-lake nitrogen and phosphorus budgets (Dymond et al. 1996) in that all three budgets require a factor of 4-10 times more particulate organic matter rain than is currently being measured.
The influence of hydrothermal activity on the deep-lake oxygen budget -Our deep-lake oxygen budget and estimate of deep-water residence time have provided firstorder estimates of carbon respiration and vertical mixing rates. In this discussion, we have assumed that all of the oxygen consumed in the deep lake is due to respiration. Because hydrothermal activity delivers anoxic fluid to the deep basins in Crater Lake at a rate of 200-400 liters s-l (McManus et al. 1993) , it is important to consider the possibility that these fluids may contribute significantly to the consumption of deep-lake oxygen. The input of this anoxic fluid will directly dilute the dissolved oxygen of the deep lake, and the reduced elements carried by this fluid will also consume oxygen.
Dilution of deep-lake water with anoxic water changes the dissolved oxygen content by ~0.1% yr-l. This estimate is based on a receiving volume of 48 x lo* m3 (the volume below 300 m) and a hydrothermal fluid flow rate of 63 x lo5 m3 yr-l (200 liters s-l, McManus et al. 1993) .
The oxidation of hydrothermally derived reduced elements, specifically Fe, Mn, CH4, and H2S, will further consume dissolved oxygen in the deep lake. The extent to which oxygen is consumed by these reduced compounds can be estimated from the oxidation reactions given in Table 2 . The concentrations of Fe and Mn (200 PM and 100 PM, respectively) estimated from sediment pore waters in thermal areas provide an upper limit for the concentration of these reduced metals in the hydrothermal fluids entering the deep lake. At a fluid input rate of 63 x 1 O5 m3 yr-l, the Fe and Mn will consume 4.7 x 10' l pmol O2 yr-l. In the deep lake (below a depth of 300 m) this corresponds to a consumption of -0.2 PM O2 yr-l, or 1% of the oxygen consumption rate.
W-e do not have any direct measurements of reduced sulfur in Crater Lake hydrothermal fluids; however, sulfate was found to be as high as 900 PM against a background concentration of 100 PM in the deep lake. Although reduced sulfur (H2S or HS-) is often observed in hydrothermal systems, it is unlikely that a significant fraction of the observed sulfate in hydrothermal fluids entered the lake as H,S: there was no strong characteristic sulfide odor in any fluid samples, which suggests that concentrations were well below 10 PM; also the oxidation of H2S generates 1 mole of H+ for every mole of O2 consumed and the pH of all lake and hydrothermal pore waters is too close to neutral (between 6 and 8) for this reaction to have proceeded significantly.
There are only a few methane analyses available to constrain the input of this constituent. The results indicate that the deep-water methane concentration is between 10 and 30 nM; likewise, samples from specific hydrothermal features obtained with the submersible ranged from 8 to 23 nM. However, water immediately above a box core taken within a pool of hydrothermal fluid at the bottom of the lake had -6,000 nM methane.
If we assume conservative maximum concentrations of 10 PM for both H2S and CH4 and the oxidation stoichiometry in Table 2 , then a maximum of 40 hmol O2 yr-l could be consumed by these constituents in each liter of hydrothermal fluid. If we follow the mass balance arguments used for Fe and Mn, this consumption of oxygen by H2S and CH4 accounts for < 1% of the total oxygen deficit. Therefore, the sum of all the major hydrothermal oxygen demands is ~2% of the observed loss of oxygen in the deep lake.
Efects ofhydrothermal activity on solute distributionsAlthough hydrothermal activity does not affect the oxygen distribution in the lake as a whole, this process does influence the oxygen distribution and the local hydrography of the south basin (e.g. Fig. 2C-F) . Dissolved oxygen depletion is most extreme in the south basin, and the concentration of dissolved oxygen is correlated with the hydrothermal tracers -temperature and sodium (Fig.  7) . These correlations suggest that the active input of saline fluids may play a role in the oxygen budget. In addition, the AO2 : ANO ratio in this basin is significantly higher than the ratio expected from the oxidation of organic matter, which further suggests that particulate organic material is not the only consumer of oxygen in the deep lake (Fig. 7D) .
Measurements of dissolved oxygen in pools of hydrothermal fluid located at the bottom of the south basin indicate that these pools are anoxic (see the Llao's Bath sample in Table 3 ). The minor oxygen content found in the pool sample in Table 3 resulted from bottom-water entrainment at the time of collection and not from dissolved oxygen in these reduced fluids. The oxygen content of water collected immediately above a pool was also low. Although waters in hydrothermal bacterial mats were found to contain dissolved oxygen, these samples were always contaminated with bottom water, and it is unlikely that oxygen is present in these Fe-and Mn-rich fluids (Dymond et al. 1989) .
Two trends are apparent in the relationship between oxygen and sodium distributions in the south basin (Fig.,  8) which highlight the differences between the separate processes consuming oxygen in the deep lake: the hydrothermal component (Extrapolation to Llao's Bath, Fig. 8 ) and the net effect of the oxidation of organic matter in the rest of the south-basin waters (Deep lake trend, Fig,  8 ). For example, the bacterial mat sample from CD230 S3 lies along the hydrothermal line between the low-ox- ygen, high-sodium Llao's Bath and deep-lake water (Fig. north basin (McManus et al. 1993 ). Thus, the net effect 8). This trend indicates the local dominance of hydroof hydrothermal fluid input results in lower oxygen conthermal activity in the immediate vicinity of these hytents in the near-bottom waters of the south basin relative drothermal features.
to the north basin. Hydrothermal fluids increase the density of near-bottom waters through the addition of salts (McManus 1992) , which also has) an indirect effect on the oxygen budget. Due to their higher density, the ventilation of these nearbottom fluids .will occur to a lesser degree than in other deep waters, a:nd oxygen consumption will proceed to a greater degree than in fluids at comparable depths in the To quantitatively constrain the potential influence of hydrothermal activity on the oxygen distribution near the source of the hydrothermal fluids, we assume that all hydrothermal fluids enter the lake from an area of 3 x lo5 m2 in the eastern portion of the south basin (Collier et al. unpubl.) . Assuming a stable bottom layer 1 m deep and estimates of the net oxidation of reduced hydrothermal solutes derived above, we obtain an oxygen consumption rate of 6.6 PM d-l within this relatively small volume. Furthermore, this volume of lake water will be diluted with anoxic waters by -6% per day. Thus, although the effects of hydrothermal activity on the deeplake oxygen budget are small, these calculations demonstrate the potential importance of hydrothermal activity on the local oxygen distribution near the source of input in the deep south basin.
The slope of the -AO2 : ANO ratio is -40 (Fig. 7D ), which is much higher than that expected from the oxidation of particulate organic material collected in the lake with the sediment traps (-9-20) . The two oxidation processes variously affecting the -AO2 : ANO relationship in the deep lake are shown in Fig. 9 . The slope of the south basin data, for depths >400 m, is between 35 and 40, while the ratio for the rest of the deep lake is -16. The oxidation of reduced hydrothermal elements is seen to affect the oxygen distribution only in the deep south basin, where dissolved oxygen is 5-l 5 PM lower than in the north basin (Fig. 7A ).
Conclusions
The combination of this study and that of Dymond et al. (1996) clearly indicates that lake sedimentation is not a strictly vertical process, and it is likely that both sediment focusing and higher production around the lake edges contribute particulate organic matter that is oxidized in the deep lake. Understanding the details of the dissolved oxygen budget in large lakes may be a particularly powerful tool for identifying the causes as well as the effects of anthropogenic perturbations to these systems. Detailed studies using this spatially integrative tracer will provide estimates of a variety of whole-lake processes; however, these budgets must also be supported by specific process studies to constrain the individual physical, chemical, and biological controls on oxygen throughout the lake system.
